The dependence of the Curie temperature T Curie on nearly hydrostatic pressure has been determined to 17 GPa for the weak itinerant ferromagnetic SrRuO 3 in both polycrystalline and single-crystalline form. T Curie is found to decrease under pressure from 162 K to 42.7 K at 17.2 GPa in nearly linear fashion at the rate dT Curie /dP ≃ −6.8 K/GPa. No superconductivity was found above 4 K in the pressure range 17 to 34 GPa where the ferromagnetism presumably vanishes. The room-temperature equation of state was determined to 25 GPa, yielding the bulk modulus B o = 183(3) GPa and its pressure derivative B ′ o = 6.5(4).
Introduction
In all 4d elemental metals, including Ru, the degree of overlap between neighboring 4d orbitals is far too great to permit the formation of either local-moment or itinerant magnetism [1] . One can estimate, however, that if one were to increase the interatomic separations in Ru metal by at least 45%, the degree of 4d-orbital overlap (or bandwidth) would decrease sufficiently for Ru metal to exhibit itinerant magnetism [1, 2] . Indeed, this expectation is fulfilled in the itinerant ferromagnet SrRuO 3 where the nearest-neighbor separation between Ru ions (∼ 3.92Å) is 48% greater than that in Ru metal (2.65Å). Since in Ferromagnetism is less likely in CaRuO 3 than in SrRuO 3 since the Ru-Ru nearest-neighbor separation is less and thus the degree of orbital overlap greater; indeed, CaRuO 3 exhibits no magnetic order but is paramagnetic with a negative Curie-Weiss temperature Θ ≃ −68 K indicative of antiferromagnetic correlations [3] . In fact, Mazin and Singh have pointed out [4] that SrRuO 3 is the only known ferromagnetic metal among the 4d oxides.
Weak itinerant ferromagnets such as ZrZn 2 [5] , UGe 2 [6] , MnSi [7] , and SrRuO 3 [8] have enjoyed considerable interest for many years because of the possibility of unconventional superconductivity, non Fermi liquid behavior, and other exotic phenomena near quantum critical points. Relatively minor perturbations, such as those generated by high pressures, are able to transport the system from one ground state to another, including the destruction of the ferromagnetic state. That the magnetism is weakened under pressure follows from the above discussion since the degree of overlap of the magnetic orbitals increases under pressure. Wohlfarth [9] derived an expression valid for weak itinerant ferromagnets whereby the rate of decrease of the Curie temperature with pressure, dT Curie /dP, is inversely proportional to the value of T Curie itself. It is notable that the weak itinerant ferromagnet Sc 3 In does not fit into this scheme since its Curie temperature initially increases under pressure [10] .
Several years ago Belitz et al. [11] argued on general grounds that in a weakly ferromagnetic system the nature of the ferromagnetic transition would be expected to change from second to first order at a tricritical point, i.e. under an external perturbation such as pressure, the order parameter (magnetization) and Curie temperature should disappear discontinuously above a critical pressure P c . Metamagnetic transitions are anticipated in the paramagnetic state for pressures above P c if strong magnetic fields are applied. Such first-order transitions under pressure with accompanying field-induced metamagnetism have been found in the weak itinerant ferromagnets ZrZn 2 [5] and UGe 2 [6] , where, in the latter compound, a coexistence with superconductivity is also observed. It is clearly of interest to investigate further systems in order to establish whether the behavior found for ZrZn 2 and UGe 2 is only an anomaly or representative for weak itinerant ferromagnets in general.
More than a decade ago we carried out ac susceptibility (χ ac ) studies on polycrystalline SrRuO 3 to nearly hydrostatic pressures (helium pressure medium) as high as 6 GPa in a diamond-anvil cell (DAC) [8] . The Curie temperature was found to decrease approximately linearly from 161 K to 130 K at the rate dT Curie /dP ≃ -5.7 K/GPa, a value somewhat less in magnitude than that (-7.5 K/GPa) from χ ac studies to 0.78 GPa by Shikano et al. [12] . It would clearly be of interest to extend these earlier studies to pressures sufficiently high to drive T Curie to 0 K in order to illuminate the behavior of this system near the critical point and search for possible superconductivity. Electrical resistivity measurements on epitaxial SrRuO 3 thin films were carried out by Le Marrec et al. [13] under quasihydrostatic pressure (solid steatite pressure medium) to 23 GPa. T Curie was observed to decrease from 150 K at ambient pressure to approximately 75 K at 15 GPa, yielding a negative pressure derivative dT Curie /dP ≃ -5.9 K/GPa, close to the above values for bulk polycrystalline samples; however, at pressures between 15 and 23 GPa the Curie temperature was reported to remain constant at 75 K [13] .
In the present paper we extend our previous measurements of T Curie (P ) to 34 GPa pressure and determine SrRuO 3 's equation of state at ambient temperature to 25 GPa. We find a monotonic decrease in T Curie with pressure to 42.7 K at 17.2 GPa. Unfortunately, the signature of the ferromagnetic transition in the ac susceptibility weakens sufficiently at higher pressures that we are no longer able to identify the transition temperature. The manner in which the transition approaches 0 K thus cannot be clarified in the present measurements.
Experiment
The polycrystalline sample of SrRuO 3 used in the present experiments was prepared by solid state reaction of stoichiometric quantities of high purity (99.9% or better) SrCO 3 and RuO 2 . The starting materials were weighed, mixed and placed in an Al 2 O 3 crucible. The specimen was reacted for 4 hours at 1100 • C, reground with an agate mortar and pestle for 5 min and reacted in air for 6 h at 1250 • C. Subsequently, the specimen was reground for 5 min and reacted at 1250 • C for 14 h and cooled by shutting the furnace off. Powder X-ray diffraction proved the specimen to be single-phase with no observable secondary phases.
Single-crystals of SrRuO 3 were grown in Pt crucibles from off-stoichiometric quanities of RuO 2 , SrCO 3 , and SrCl 3 mixtures with SrCl 2 being self flux. The mixtures were first heated to 1500 • C, soaked for 25 hours, slowly cooled at 2-3 • C/hour to 1350 • C, and finally cooled to room temperature at 100 • C/hour. The single crystals were characterized by single crystal X-ray diffraction, SEM and TEM. All results indicate that the single crystals are of high quality.
High pressure X-ray diffraction (XRD) experiments were performed on polycrystalline SrRuO 3 using synchrotron X-rays (λ = 0.41105Å) with beam size 20×20 µm 2 at the Advanced Photon Source HPCAT, Sector 16-IDB, Argonne National Labs. The powder sample was loaded together with a ruby chip in a diamond anvil cell (DAC) using a rhenium gasket with a 135 µm hole diameter. Silicone fluid was used as the pressure transmitting medium [14] . The XRD patterns (see Fig. 1 ) were collected using a MAR image plate camera with 100 × 100 µm 2 pixel dimension for 10-20 s. The images were integrated using FIT2D program [15] and structural refinements were carried out using JADE [16] .
At ambient pressure SrRuO 3 is found to crystallize in the orthorhombic structure (Pbnm, 62) with lattice parameters of a = 5.5754(7)Å, b = 5.5405(6)Å, c = 7.8546(8)Å, in good agreement with literature values [18] . Fig. 1 shows the X-ray diffraction patterns at various pressures to 25 GPa. As pressure is increased, no new peaks are found indicating the sample retains the orthorhombic crystal structure. However, the peaks broaden due to increasing nonhydrostatic conditions in the solidified silicone pressure medium. The equation of state for SrRuO 3 is shown in Fig. 2 and fit (least-squares) using the Birch-Murnaghan expression [19] 
where B o = 183 (3) GPa is the bulk modulus and B ′ o = 6.5(4) the pressure derivative. High-pressure ac magnetic susceptibility measurements χ ac (T ) were carried out using a DAC made of CuBe alloy [1] where two 1/6-carat type Ia diamond anvils with 0.5 mm diameter culets press onto a 3 mm diameter gold-plated rhenium gasket preindented from 250 µm to 80 µm thickness and containing a centered 235 µm diameter hole. After the sample (typical dimensions 80 × 80 × 30 µm 3 ) and tiny ruby spheres [20] are placed in the hole, the DAC is assembled, cooled down to low temperatures and flooded with liquid helium pumped to 2 K. The opposing diamond anvils are then pressed into the gasket to trap and build up pressure in the liquid helium pressure medium surrounding the sample. As in the above X-ray studies, the standard ruby calibration [21] is used to determine the pressure to within ±0.2 GPa. The temperature was kept below 180 K during the entire experiment to reduce the chance that helium might enter the diamond anvils, possibly causing them to fail.
The ferromagnetic transition (Curie temperature T Curie ) is determined inductively using two balanced primary/secondary coil systems located immediately outside the metal gasket [22] and connected to a Stanford Research SR830 digital lock-in amplifier. The ac susceptibility studies were carried out using a 3 Oe r.m.s. magnetic field at 1023 Hz. Further experimental details of the diamond-anvil cell and ac susceptibility techniques are published elsewhere [1, 23] .
The lock-in amplifier allows the measurement of not only the basic 1st harmonic of the ac susceptibility, χ 1 , but also the higher harmonics. Since in this experiment the signal from the ferromagnetic transition of SrRuO 3 in χ 1 becomes very difficult to resolve for pressures above 10 GPa, we decided to also measure the 3rd harmonic χ 3 which has a superior signal/noise ratio at the highest pressures. In contrast to χ 1 (T ), where the transition is only revealed after the subtraction of a relatively large temperature-dependent background, the background signal in χ 3 (T ) has little temperature dependence. In Fig. 3 we compare at ambient pressure the real part of the 1st harmonic χ ′ 1 (T ) to the imaginary part of the 3rd harmonic χ ′′ 3 (T ) for a singlecrystalline sample much larger (150 × 250 × 65 µm 3 ) than that used in a typical high-pressure experiment in the DAC. It is seen that the temperature of the peak in χ ′ 1 (T ), which we use to define the Curie temperature T Curie , corresponds well with the transition onset in χ ′′ 3 (T ). As we will see, measuring the 3rd harmonic allows us to follow the ferromagnetic transition in SrRuO 3 to higher pressures.
Results of Experiment and Discussion
The first of the present experiments (run B) was carried out on a polycrystalline SrRuO 3 sample (dimensions 110 × 130 × 30 µm 3 ) in a DAC under nearly hydrostatic pressures to 14.7 GPa. In Fig. 4 the results are compared to those from our earlier measurements to 6 GPa (run A) [8] ; the agreement is reasonable, although the final two data points in the earlier study lie somewhat above the straight-line fit. From 0 to 14.7 GPa the height of the transition decreased from approximately 5 to 1.5 nV. One should not conclude from this that the magnitude of the magnetic moment per ion necessarily decreases since the ac susceptibility measures only the initial response of the sample magnetization to an imposed magnetic field and thus also depends on extrinsic parameters such as the degree of domain wall pinning. A pressuredependent reduction in the applied field by shielding currents in the Re gasket may also contribute to the signal reduction. The failure of the diamond anvils ended the experiment.
Run B was followed by run C on a polycrystalline sample (dimensions 68 ×90 ×25 µm 3 ) to 9 GPa; as seen in Fig. 4 , the results are in good agreement with those from run B. From 0 to 9 GPa the height of the transition decreased from 2.5 to 0.6 nV. At the next higher pressure (15 GPa) the transition had decreased sufficiently in size that it was not possible to unequivocally identify it.
The next high-pressure DAC experiment (run D) was carried out on a singlecrystalline SrRuO 3 sample (dimensions 65 × 90 × 30 µm 3 ) where both χ ′ 1 (T ) and χ ′′ 3 (T ) were measured in an effort to track the ferromagnetic transition to higher pressures (Fig. 5 ). The transition height in χ ′ 1 (T ) is seen to decrease roughly by a factor of two from 0 to 9.9 GPa but the transition also becomes broader, perhaps due to nonhydrostatic stresses even in the helium pressure medium; the area under the transition curve decreases by only ∼ 20% over the pressure range to 9.9 GPa. At higher pressures the transition could not be identified in the 1st harmonic, so χ ′′ 3 (T ) was measured (see the lower half of Fig. 5 ). Even though the transition in χ ′′ 3 (T ) is relatively small, the absence of a strong temperature-dependent background signal allows one to track T Curie (P ) to higher pressures. The dependence of T Curie on pressure is seen in Fig. 4 to be reversible and approximately linear to 17.2 GPa with slope dT Curie /dP ≃ −6.8 K/GPa, T Curie decreasing from 162 K to 42.7 K. At higher pressures (20.4 to 34 GPa) the ferromagnetic transition could no longer be resolved.
It is interesting to note that the T Curie (P ) data near 6 GPa in Fig. 4 deviate somewhat from the straight-line fit. Although a structural phase transition at low temperatures cannot be ruled out, at ambient temperature no phase transition out of the orthorhombic structure is seen in the X-ray studies on SrRuO 3 shown in Fig. 1 .
Based on the present T Curie (P ) data to 17.2 GPa, it seems likely that the Curie temperature of SrRuO 3 will be completely suppressed at a critical pressure P c ≃ 21±3 GPa. However, we are not able to determine whether the approach of T Curie to 0 K is continuous (2nd order transition) or discontinuous (1st order transition). Highpressure electrical resistivity measurements may be able track T Curie (P ) to pressures above 17 GPa and thus clarify the order of the ferromagnetic-to-paramagnetic transition; in addition, if the transition is first order, exposing the sample in the paramagnetic phase to high magnetic fields should lead to metamagnetic behavior [11] .
A search for superconductivity in single-crystalline SrRuO 3 was carried out by measuring χ ′ 1 (T ) or χ ′′ 3 (T ) to temperatures as low as 4 K at the following pressures: 17.2, 20.4, 21.3, 22.5, 23.8, 25.8, and 34 GPa. With the exception of 34 GPa, these pressures are chosen to be near 24 GPa where the straight line in Fig. 4 extrapolates to 0 K. The search for superconductivity in SrRuO 3 under high pressure should be extended to temperatures in the mK range.
Substituting increasing quantities of Ca for Sr in SrRuO 3 results in a series of isomorphic quasiternary compounds with successively weaker ferromagnetism which is completely suppressed in CaRuO 3 [3] . One of the authors (S. Deemyad) subjected polycrystalline CaRuO 3 to 6 and 8 GPa pressures in the present DAC experiment but found no evidence for either ferromagnetic or superconducting transitions above 4 K. An antiferromagnetic transition would have been too weak to be detected in the present ac susceptibility measurement.
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